ABSTRACT As photovoltaic (PV) generation has been one of the major renewable energy sources around the world, its PV capacity has also increased. When the large-scale PV systems are integrated into the distribution network, the complexity of the assessment process of the distribution network reliability will increase hazardously. In order to accurately assess this reliability in the distribution network combined with the PV generation, a reliability assessment procedure is proposed. In order to accurately evaluate the impact of the failure of conventional power equipment on reliability, the time-varying failure rate of conventional power equipment is modeled, taking into account the aging period. Then, in order to accurately evaluate the reliability improvement with PV systems integration, the new procedure is proposed highlighting the following contributions: 1) five new indices are added. 2) PV output is modeled so that not only the radiation intensity but also the failure and degradation of PV modules are represented. 3) time-varying islanding operation is considered and integrated. A case study using real-life distribution network topology and data in China is applied to verify that the newly proposed reliability indices display more sensitivity, and the proposed procedure significantly improves the accuracy of the reliability assessment.
NOMENCLATURE

(t)
the failure rate of conventional power equipment during stabilization period T 1 the start time of stabilization period T 2 the start time of aging period 2 (t) the failure rate of conventional power equipment during aging period α i (i = 1, 2) the shape parameter of Weibull Distribution β i (i = 1, 2) the scale parameter of Weibull Distribution SAIFI system average interruption frequency index SAIDI system average interruption duration index
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ASAI
average service availability index CAIFI customer average interruption frequency index CAIDI customer average interruption duration index ENS energy not supplied Λ i annual average frequency of power outages of i-th load point N i the number of electricity users of i-th load point U i
annual average duration of power outages of i-th load point M i the number of electricity users with power outages of i-th load point L i the average power of i-th load point Λ annual average frequency of power outages U annual average duration of power outages N t total frequency of power outages of load point T total total duration of power outages of load point YEAR number of years GRDG generation rate of DG PIPDG power interruption probability of DG PFDG power fluctuation of DG p(t) DG output at t moment P DGN rated power of DG T total operation time of DG t{·} cumulative duration of a certain state p(t + 1) DG output at t + 1 moment APSTI average power supply time of island AESI average energy supplied from island P L,i the load demand of i-th load point P DG the output power of DG system N times of normal power supply of isolated island R j the power supply area of j-th islanding operation t j the power supply duration of j-th islanding operation n the number of data I i the i-th sample of radiation intensity K (·) the kernel density function h the bandwidth f h (I ) the probability density function of radiation intensity P pvt the output power of PV system P PVR the rated power of PV system under standard conditions (the radiation intensity is 1000W/m 2 , and the temperature is 25 • C) I t the actual radiation intensity I 0 the radiation intensity under standard conditions (the value is 1000 W/m 2 ) α P the power-temperature coefficient of PV panel (the value is between −0.0045 and −0.0047) T t the actual temperature of PV panel T 0 the temperature under standard conditions (the value is 25 • C) T a the ambient temperature p (P) normal distribution function p (P,t) normal distribution function considering time variable P the rated power of PV modules µ the average power of PV modules σ the standard deviation of output power of PV modules µ(t) the average power of PV modules at t moment σ (t) the standard deviation of output power of PV modules at t moment P 0 the initial rated power of PV modules A the constant (the unit is W/year) σ 0 the initial standard deviation of initial power of PV modules B the constant (the unit is W/year) P PV (t) the time-varying PV output at t moment with consideration of failure and degradation of PV modules P PVt (t) the time-varying PV output at t moment without consideration of failure and degradation of PV modules η PVR the rated power coefficient of PV module OSC the output state coefficient of PV system TTF Time To Failure TTR Time To Repair U (0, 1) the random numbers of Uniform Distribution from 0 to 1 failure rate of power equipment µ maintenance rate of power equipment e the precision COV(·) the coefficient of variation V (F) the estimated value of sample function variancê E(F) the estimated value of sample function expectation S the total number of samples
I. INTRODUCTION
The reliable electricity supply to the distribution network is important in terms of the national economy [1] . With the increase in photovoltaic (PV) generations, the distribution network operation becomes more challenging [2] . Compared to conventional generations, the PV output is more uncertain and intermittent, which will affect the stable power supply. Moreover, the islanding operation with the PV system may be performed when the main grid is out of service and more proper islanding operation will improve the reliability of the distribution network. Therefore, the reliability assessment of the distribution network with the PV system integration becomes of great significance.
There have been research studies in response to the reliability assessment of the distribution network, but there is still remaining work to be accomplished. The four components of literature reviews are as follows.
A. LITERATURE REVIEW ON POWER EQUIPMENT FAILURE MODELLING
The failure of conventional power equipment is a main cause of the power outage [3] . Therefore, the accuracy of the failure rate model of conventional power equipment is the key to assess the negative influence of system faults on the power supply reliability.
Many researches for the reliability assessment commonly treated the failure rate of conventional power equipment as a constant regardless of the duration of use, which means, the influence of the aging process is ignored. For example, in ref. [4] , the failure rates of feeders, distribution transformers and circuit breakers were all fixed in case of the assessment of the distribution network reliability. In [5] , the failure of the primary feeder was assumed to happen only at a designated time of the typical days. In [6] , the constant failure rates of branches, switches, and primary substation were applied individually in the case study.
However, the failure rate of conventional power equipment is affected by the aging process and is actually time dependent [7] . The assessment results using the constant failure rate model are likely to contain a large error for the distribution network reliability. Therefore, the time-varying failure rate model for conventional power equipment is expected to improve the accuracy of the actual operation states [8] .
B. LITERATURE REVIEW ON RELIABILITY INDICES
The reliability indices that were proposed by IEEE Std 1366-2012 [9] are currently widely used in the reliability assessment, which are referred to the conventional reliability indices in this paper.
The conventional reliability indices are used in [10] - [14] to analyze the distribution network reliability. However, as can be seen from the case studies in [10] - [14] , the sensitivity of conventional reliability indices is quite limited.
In the case of the power outage in the main grid, the microgrid forming an isolated network needs to solely support the local load. Therefore, the accuracy of the power supply reliability assessment in the micro-grid after the system separation becomes more important with sufficient sensitivity of the reliability indices.
Various new reliability indices that can be used to islanding operation have been proposed. In [15] , the restored customer index (RCI) to reflect the restoration of electricity customers using distributed generations (DG) in islanding operation was proposed. However, RCI covers the customer' perspective only. In [16] and [17] , the ''probability of purchasing electricity'' to reflect the reliability of active distribution network (ADN) from the customer's perspectives was proposed as the reliability index. The larger value denotes the poorer reliability performance especially in the case of the power outage in the main grid. However, this index can only reflect the ''probability of reliability'' instead of the specific situation of islanding operation (such as the supplied energy, etc.). In ref. [18] , the micro-grid supply availability probability (MSAP) was defined for the probability of the power supply in the micro-grid. This index does not also reflect the specific situation of islanding operation. In [19] , the energy served during system peak (ESSP) was proposed to assess the capability of renewable energies, i.e. an ability to supply electricity under the peak load condition. However, ESSP does not encompass the other loading conditions. This paper proposes new reliability indices that avoid the aforementioned shortages.
C. LITERATURE REVIEW ON PV OUTPUT MODELLING
Because the radiation intensity is directly related to the PV output, the radiation intensity modelling is an essential component of the PV output model [20] . In [21] , the regional and temporal distribution of solar radiation was estimated using the sunshine duration data that include the surface slope and aspect. In [22] and [23] , the radiation intensity was estimated with the artificial neural network using satellite images. In [24] , the segment function model of the radiation intensity was established based on geographical factors, cloud types and seasons. In [25] , the concept of the global solar radiation intensity was introduced and the radiation intensity was modeled to match the historical data. In [26] and [27] , the correlation between the weather/daily temperature and the solar radiation was clarified, and the radiation intensity model was established. In [28] - [30] , the kernel density was estimated to establish the probability density model of radiation intensity.
The above methods are commonly used for the modeling of the PV output. However, [31] - [33] showed that the aging process of PV modules can cause the degradation of PV panels and may cause the failure of PV components including PV inverters. Therefore, actual output of PV system will be affected by the degradation and/or the failure of PV components. This point is out of scope for the current researches.
D. LITERATURE REVIEW ON RELIABILITY OF ISLANDING OPERATION
The integration of distributed generation has changed the way how to supply electricity in the distribution network. That means the main grid could coexist with the distributed generations [34] . When the main grid is out of service, the distributed generation can form the isolated grid (i.e. islanding) and attempt to maintain the power supply [35] . Therefore, the reliability of the islanding operation is important.
In [6] , the system reliability with and without islanding operation in micro-grids were weighed. In [36] , it is revealed that the hybrid system of biomass, PV and wind generations showed more improvement of reliability when the capacity of PV and wind generations was high. In [37] , the mean available time of the distributed generation for different islanding conditions was weighed. In [38] , it is emphasized that the energy storage system can improve the reliability of power supply when the wind generation is available during islanding. In [39] , the influence of the success rate of islanding on the distribution network reliability was analyzed. In [40] , the backtracking algorithm was proposed to detect the location (i.e. the connecting point) of the distributed generation. In [41] , the fault tree method was proposed to establish the reliability model during islanding in the micro-grid, which helped to clarify the relationship between fault events and component failures. It was illustrated in [42] that the rational network structure is necessary to improve the reliability, and the fault adjacency matrix was derived in [43] , which contributes more proper micro-grid structure.
Although valuable outcomes are presented in [6] , [36] - [43] , the power supply areas of islanding operation in [6] , [36] - [43] were nearly fixed and were not dynamically changed according to the time-varying characteristics of loads and the renewable energy output. It should be noted that overgeneration can happen in the fixed power supply area of islanding operation, which means that the PV output may not be fully utilized to improve the distribution network reliability. In view of the shortages in the above aspects of the literature review, the main contributions of this paper are as follows:
(1) The failure rate model of conventional power equipment is refined in order to accurately assess the negative influence of system faults on the power supply reliability.
(2) Three items are refined in order to accurately assess the reliability improvement with PV: 1) Five reliability indices are newly added, which can ensure the sufficient sensitivity for the reliability changes in the case of the islanding operation.
2) The refined PV output model considering aging (failure and degradation of PV modules) is added.
3) The time-varying islanding operation during the power outage of main grid is considered.
(3) The whole assessment procedure is proposed. The outline of this paper is shown in Figure 1 . The rest of this paper is organized as follows:
Section II outlines the failure rate model for conventional power equipment considering aging. Section III contributes five new reliability indices, refines the PV output model considering failure and degradation of PV modules, and analyses the time-varying islanding operation. Section IV proposes the whole assessment procedure for the distribution network reliability with PV. Section V demonstrates the case studies and analyses of results. Section VI concludes the work.
II. REFINEMENT OF FAILURE RATE MODEL OF CONVENTIONAL POWER EQUIPMENT
The accuracy of the failure rate model of conventional power equipment will affect the authenticity of reliability assessment result. However, most of researches only regard the failure rate of conventional power equipment as a constant, which cannot reflect the real operation states of conventional power equipment.
The relationship between the failure rate of conventional power equipment and the operating time in its life cycle can be known as the ''bathtub curve'' [44] , [45] , which is shown in Figure 2 . There are three time periods in its entire life cycle: debugging period, stabilization period and aging period. In this paper, the debugging period is not considered.
During the stabilization period, the failure rate of conventional power equipment is a constant, which is given by:
During the aging period, the failure rate of conventional power equipment increases as the time advances. The double Weibull Distribution is commonly used to calculate the failure rate during the aging period [45] , which is given by:
III. REFINEMENT OF RELIABILITY INDICES, PV OUTPUT MODEL AND ISLANDING OPERATION
The integration of PV generations has a great potential to improve the power supply reliability of distribution network. However, 1) The calculation of conventional reliability indices involves all the load points in the distribution network, which may lead to the low sensitivity. 2) The PV system contains many components, and their aging may lead to smaller actual PV output compared to the nameplate. 3) The power supply area of the islanding operation is fixed in existing researches, which may lead to the limited use of the PV output for improving the power supply reliability.
The aforementioned three issues may make the assessment result of reliability improvement of distribution network away from the reality. When the main grid is out of service, the PV generations have to provide electricity to some load points by themselves, which puts forward higher requirements for the accuracy of the reliability assessment. Therefore, the following three refinements are studied.
A. REFINEMENT OF RELIABILITY INDICES
Representative conventional reliability indices are shown in Table 1 . These reliability indices are obtained from equations (3)-(8). In equations (3)-(8), the annual average frequency of power outages (Λ) and the annual average duration of power outages (U ) can be calculated from:
As discussed in the Introduction section, the sensitivity of the conventional reliability indices is low and cannot accurately reflect the change in the reliability during the islanding operation. Thus, five reliability indices are newly added (see Table 2 ). The formulas for the computation of the new reliability indices are shown in equations (11)- (15) . GRDG, PIPDG and PFDG aim to reflect the characteristics of PV output. APSTI and AESI focus on the power supply time and supplied energy within the area of islanding operation (i.e., R j in equations (14)- (15)), which can ensure the sufficient sensitivity.
B. REFINEMENT OF PV OUTPUT MODEL
The aging of PV modules will lead to the failure and/or the degradation of PV modules, which will reduce the PV output. In this section, not only the time-varying radiation intensity but also the failure and the degradation of PV modules are considered to model the PV output. 
1) SAMPLING OF TIME-VARYING RADIATION INTENSITY
The sampling idea for the time-varying radiation intensity is shown in Figure 3 . The kernel density estimation is applied in this paper. Assuming that I 1 , I 2 . . . I n are the n samples of radiation intensity. The probability density function of the radiation intensity using the kernel density estimation is given by:
The historical data of the radiation intensity with the time interval of 1 hour is analyzed first. The radiation intensity data is classified into 12 groups by month. Then, the aforementioned 12 groups are further classified into 120 groups on an hourly base during 8 AM -5 PM.
The aforementioned 120 groups of data are used to estimate the kernel density, and then 120 groups of kernel density functions and 120 groups of probability curves of kernel density are obtained.
Based on the 120 groups of kernel density estimation models, the random sampling is used to obtain the radiation intensity values of each day within one year. The PV output model considering the radiation intensity and the temperature is given by [46] :
The temperature of PV panels depends on the ambient temperature and the radiation intensity. The actual temperature of PV panels is generally higher than the ambient temperature [46] . The actual temperature of PV panel is estimated from:
2) FAILURE OF PV MODULE
The PV system contains some PV panels which are connected in series and in parallel. Therefore, the failure situation of PV system will be different according to the different internal structure of PV system. The typical structure of PV system can be shown in Figure 4 . According to Figure 4 , the PV system mainly consists of PV panels, inverters, feeders and a step-up transformer. n denotes the number of PV panels that are connected in series in one PV array group; m 1 . . . m k denote the numbers of PV array groups that are connected to each inverter; k denotes the number of inverters that are connected to the grid through the transformer. Therefore, the failure of a single PV panel will only affect the PV output of this single PV array group. The failure of inverter will lead to the failure of several PV array groups. The failure of grid-connected transformer will lead to the failure of entire PV system.
In order to describe the operation states of the PV system, the output state coefficient (OSC) of the PV system is introduced. OSC is the value between 0 and 1. Specifically, 0 means that the PV system is in failure state; 1 means that the PV system is in normal operation state; the value between 0 and 1 (0 and 1 are not included) means that the PV system is in derating operation state. The sampling of OSC is shown in Figure 5 . The meanings of m i , n, and k in Figure 5 is the same as those in Figure 4 .
The process of Figure 5 is described as follows. Firstly, the operation states of the transformer, inverters and PV panels are sampled, respectively. Then, the current operation state of the transformer is judged; if the transformer is out of service, the whole system stops and the OSC is set to 0. If the transformer works normally, the current operation state of i-th inverter is judged; if i-th inverter is out of service, this PV array group does not operate. If i-th inverter works normally, the operation states of the n × m i PV panels are judged respectively.
3) DEGRADATION OF PV MODULE
The efficiency of PV modules will gradually decrease over time. Because of this, the solar panel output follows the normal distribution [47] and the probability density function is shown by:
The averaged solar panel output decreases almost linearly with time, which is shown by:
The standard deviation of the solar panel output also linearly varies with time, which is shown by:
Substituting equations (20) and (21) into equation (19) , the probability density model of the degradation of the solar panel output can be obtained, which is shown by:
According to the statistical data of the degradation of the solar panel output, the several parameters are set as follows: A = 0.01, B = 0.002, P 0 = 1, σ 0 = 0.002. The probability density curves of the degradation of PV modules are shown in Figure 6 . It is obvious that the average PV output gradually decreases with time, and its standard deviation gradually increases with time. After 2 decades of the operation, the averaged rated power is reduced to 80% with relative to the initial rated power, which means that the PV modules reach the expiration dates. Based on the aforementioned degradation model, the degradation rate of PV modules (which is also called the rated power coefficient of PV modules in this paper) can be obtained through sampling.
The range of degradation rate is between 0.8 and 1. Specifically, 1 means that the PV modules have no degradation, and 0.8 means that the PV modules reach the expiration date.
The actual PV output considering the failure and the degradation of PV modules is shown by:
C. TIME-VARYING ISLANDING OPERATION
The PV system cannot provide the stable power output, which will have an impact on the power supply reliability. The rational utilization of the PV system can restore the power supply area as much as possible when the main grid is out of service. Figure 7 shows an illustrative example of two types of islanding operations. As shown in Figure 7 , the power supply area is fixed to LP1-LP4 in type A. When the PV output is larger than the load demand, all the load points (LP1-LP4) can be restored. On the other hand, when the PV output is lower than the load demand, the islanding operation is not performed. This type of islanding operation is simple, but it does not maximize the utilization of PV output during the system restoration.
In this section, the time-varying islanding operation is applied. According to the PV output and the load demand at each moment, the power supply areas of the islanding operation are dynamically changed, which facilitates to increase in the power supply reliability.
The type B in Figure 7 illustrates the time-varying islanding operation, which follows the following three principles: 1) At each moment, the total PV output should be larger than the total loads at all load points in the islanded network.
2) Starting from the load point where the PV system is integrated, the power supply of each load point is restored one by one from the shorter distance between each load point and PV system.
3) The power supply area of the islanding operation must be a connected domain.
Specifically, as shown in type B, the PV output during the first hour is larger than the total load demand of LP2 and LP3. Therefore, the power supply area is LP2 and LP3 during the first hour. In the second hour, the PV output becomes larger and can support larger load demand, i.e. LP2-LP4 during the second hour. During the N -th hour, the PV output becomes smaller, which can only supply the load at LP3, thus the power supply area is only LP3 during the N -th hour. The timevarying islanding operation can make full use of PV output to enhance the power supply reliability of distribution networks.
IV. DESIGN OF WHOLE ASSESSMENT PROCEDURE OF DISTRIBUTION NETWORK RELIABILITY
The whole assessment procedure of distribution network reliability is shown in Figure 8 . The main steps in Figure 8 (a) are summarized and discussed as follows:
Step 1: Set the simulation time T and the precision e.
Step 2: Set the initial operation states of conventional power equipment to normal operation states, and the Time To Failure TTF is sampled using equation (24) .
The failure rate ( ) has been discussed in detail in Section II. In this paper, the maintenance rate (µ) is assumed to be the constant, and its probability distribution is assumed to be represented as the exponential distribution.
If the conventional power equipment is in failure state, the Time To Repair TTR is sampled using equation (25) . On the other hand, if it is in normal operation state, the TTF is sampled. Step 3: According to TTF and TTR of each conventional power equipment, the time-varying operation states of distribution network are obtained.
Step 4: Analyze the power supply during the islanding operation, and the details are shown in Figure 8 (b). If there is the islanding operation, the PV output and the load at each moment are analyzed, and the power supply areas of the PV system are determined using the time-varying islanding operation.
The normal power supply duration, the power outage duration and the power outage frequency at each load point are calculated.
Step 5: If the current time reaches the simulation time T , go to Step 6; if not, go back to Step 2.
Step 6: Judge the convergence using equation (26) . If the equation (26) is satisfied, go to Step 7; if not, go back to Step 1.
COV is the coefficient of variation.
Step 7: Calculate the reliability indices, such as APSTI, AESI, etc.
V. CASE STUDY A. SIMULATION CONDITIONS
The topology of the studied distribution network is illustrated in Figure 9 . This distribution network shows a radial network structure with several load points, which is a widely-used grid configuration in China. There are 50 conventional power equipment in the topology (26 feeders, 8 circuit breakers and 16 transformers). The circuit breakers are deployed at the supply end of feeders near the step-down transformers. Two isolating switches are deployed along each four main 10 kV feeder (M1, M2, M3, M4).
The load data at each load point is shown in Table 3 . It can be seen that the loads on M1 feeder and M3 feeder are relatively larger. M1 and M3 have larger energy consumers, which leads to the annual peak power of over 800 kW at the load points on M1 and M3 feeders.
In order to reflect the time-varying load characteristics in this region, the time-varying load data at LP1 is shown in Figure 10 . As shown in Figure 10 (a) , the summer load is much higher than loads in other seasons, and the winter load is higher than spring and autumn ones. Figure 10 (b) reveals that the peak values of the four load curves in different seasons all appear around 10:00-12:00 and 17:00-19:00.
B. INFLUENCE OF FAILURE RATE MODEL OF CONVENTIONAL POWER EQUIPMENT ON RELIABILITY ASSESSMENT
As discussed in Section II, most researches regard the failure rate of conventional power equipment (feeders, transformers, circuit breakers, etc.) as a constant. The model with the constant failure rate is called Model 1 here.
The failure rate model considering aging is called Model 2 here. The details of the time-varying failure rate model are discussed in Section II. For equation (2) , setting that α 1 = α 2 and β 2 = 2.1. As discussed in [45] , α 1 and α 2 are the constant failure rates under different conditions. If the influence of weather conditions (or other conditions) on the constant failure rate is ignored, α 1 can be regarded equal to α 2 . β 2 (β 2 > 1) is the aging coefficient of failure rate, and the larger value depicts the faster aging process of the equipment.
The life cycles of feeders, transformers and circuit breakers are assumed to be 15 years, 20 years and 20 years, respectively. They are also assumed to start the aging periods in the 12th year, the 16th year and the 16th year, respectively.
The failure rates of Model 1 and Model 2 are shown in Table 4 . In addition, the average maintenance time of feeders, transformers and breakers are set to 4 h, 50 h and 4 h, respectively. Table 5 shows the reliability indices using Model 1 and Model 2. It can be seen that the SAIFI, the SAIDI and the ENS are all increased by more than 40% if the aging of conventional power equipment is considered. In other words, the failure rate model of conventional power equipment has a great impact on the reliability assessment. Therefore, the aging period of conventional power equipment cannot be ignored. 
C. COMPARISON OF CONVENTIONAL RELIABILITY INDICES AND NEWLY ADDED RELIABILITY INDICES
In order to compare the conventional reliability indices with the newly added reliability indices, the simulation scenario is set as follows:
It is assumed that the PV systems with the rated power of 2.5 MW are integrated to the supply ends, the middle parts and the load ends of four main feeders (M1, M2, M3, M4), respectively. Table 6 shows the reliability indices of the aforementioned simulation scenario. It can be seen that the maximum differences of newly added reliability indices (APSTI and AESI) are all beyond 65%, while the maximum differences of conventional reliability indices (SAIFI, SAIDI, CAIDI, ASAI and ENS) are all below 16%. In other words, the sensitivity of newly added reliability indices is much higher than that of conventional reliability indices.
In order to further verify that the sensitivity of newly added reliability indices is indeed higher than that of conventional reliability indices, another simulation scenario is set as follows:
The PV system with the rated power of 2.5 MW is integrated to the load ends of four main feeders (M1, M2, M3, M4), respectively. The reliability indices of the aforementioned simulation scenario are shown in Table 7 . It is seen that the maximum differences of the newly added reliability indices are all beyond 54% and the maximum difference of AESI is 84%, while the maximum differences of the conventional reliability indices are all below 6%. Thus, it can be concluded that the sensitivity of the newly added reliability indices is much higher than that of the conventional reliability indices.
The reason why the sensitivity of the conventional reliability indices is worse than that of the newly added reliability indices is as follows:
The calculation of SAIFI, SAIDI, ASAI, CAIFI, CAIDI, ENS involves all the load points in the distribution network. In other words, when the PV output cannot cover the loads at all load points in the whole distribution network, the sensitivity of reliability changes will be diluted by the load points where the PV output cannot restore. However, the calculation of APSTI and AESI only focuses on the power supply area of the islanding operation (i.e., R j in equations (14)- (15)), and the reliability changes can be more sensitively reflected, which is more proper to assess the power supply reliability during the islanding operation.
The reliability indices for power equipment, i.e. the failure rate (λ) and the maintenance rate (µ) are used to calculate TTF and TTR (applying equations (24) and (25)), and then the situation of the system failure can be obtained. In the context of available reliability indices for power equipment, the nature of APSTI and AESI is to describe the power supply reliability from the perspective of time and energy, which is consistent with the description for power supply reliability from the conventional perspective.
D. INFLUENCE OF PV OUTPUT MODEL ON RELIABILITY ASSESSMENT OF POWER SUPPLY OF ISLANDING OPERATION
The simulation of radiation intensity in this region is performed using the kernel density estimation. Figure 11 shows the simulation result of the annual radiation intensity. It can be seen that the accuracy is high. The failure rates of different types of components in PV system are shown in Table 8 . It is assumed that the life cycle of PV system is 20 years. The first 15 years are the stabilization period of each component, and the failure rate is treated as constant. The last 5 years are the aging period of each component, and the equation (2) is applied to calculate the failure rates.
GRDG, PIPDG and PFDG of the PV system with the rated power of 1.5 MW are shown in Table 9 . The GRDG, PIPDG and PFDG quantitatively reflect the characteristics of the PV output in this region. The case studies in this paper are based on the following characteristics of PV output: the PV generation rate of nearly 20% with relative to the rated values, the PV output interruption probability of nearly 50%, and the deviation of PV output of nearly 0.1 kW/h.
In order to analyze the influence of PV output model on reliability assessment during islanding operation. It is assumed that the PV systems with the rated power of 1.5 MW are connected to the load ends of the four main feeders. Two different PV output models are set as follows.
Model 1: PV output model without consideration of the failure and the degradation of PV modules.
Model 2: PV output model considering the failure and the degradation of PV modules.
The reliability indices using the two PV output models are shown in Table 10 .
As seen in Table 10 , the differences of APSTI and AESI under the two PV output models are obvious: the APSTI decreases by 3.64% and the AESI decreases by 5.11%. The reason for the difference of APSTI and AESI is the additional consideration of the failure and the degradation of PV modules in the proposed PV output model, which is unignorable. While, the deviation of SAIFI, SAIDI and ENS are merely 0.56%, 0.34% and 0.45%, respectively. The results also indicate that APSTI and AESI are more suited for the reliability assessment during islanding operation when PV systems are connected to the distribution network.
E. INFLUENCE OF ISLANDING OPERATION METHOD ON RELIABILITY ASSESSMENT OF POWER SUPPLY
In order to analyze the influence of islanding operation method on reliability assessment, the 2.5 MW PV systems are assumed to be integrated at the load ends of the four main feeders. The two islanding operation methods are set as follows:
Method 1: the power supply areas of islanding operation are fixed to the load points with PV power integration.
Method 2: based on the time-varying PV output and load demand at each moment, the power supply areas of islanding operation are dynamically changed. Table 11 shows the reliability indices under the two islanding operation methods. It is seen that the difference of AESI under the two islanding operation methods is up to 89.92%. In other words, the islanding operation method has a great impact on the power supply reliability.
F. INFLUENCE OF WHOLE ASSESSMENT PROCEDURE ON RELIABILITY ASSESSMENT
In order to analyze the influence of the whole assessment procedure on the reliability assessment, the two different assessment procedures are shown as follows:
Procedure 1: the failure rate of conventional power equipment is assumed to be constant; the failure and the degradation of PV modules are ignored in PV output modelling; the power supply areas of islanding operation are fixed.
Procedure 2: the aging of conventional power equipment is considered and the time-varying failure rate model is applied; the aging of PV modules is considered and the PV output model with consideration of the failure and the degradation of PV modules is applied; the time-varying islanding operation is applied.
It is assumed that the load ends of the four main feeders (M1, M2, M3, M4) are all integrated with PV systems to improve the power supply reliability. According to the averaged load in Table 3 , the rated power of PV system under the different penetration levels is calculated as shown in Table 12 . Table 13 shows the calculation results of reliability indices under the different PV penetration levels using Procedures 1 and 2. It can be seen that the influence of the whole assessment procedure on APSTI is more than 35%, and the influence of the whole assessment procedure on AESI is up to more than 140%. The results in Table 13 indicate that when the negative influences of the following unreasonable situations are overlapped, accuracy of reliability assessment result could be significantly decreased.
(1) Unreasonable failure rate model without considering the aging.
(2) Unreasonable PV output model without considering the failure and the degradation of PV modules.
(3) Unreasonable islanding operation method without considering the dynamic change in the power supply area of the PV system.
VI. CONCLUSION
In order to accurately assess the power supply reliability in the distribution network with PVs, a reliability assessment procedure of the distribution network was proposed.
Firstly, the failure rate model of conventional power equipment was cultivated considering aging period. This contributed to more accurate assessment of the negative impact of system faults on reliability.
Then, three items were devised to accurately evaluate the reliability improvement in distribution grids with the PV: 1) Newly added five reliability indices increased the sensitivity for the reliability change during islanding operation.
2) The PV output model considering aging processes (failure and degradation of PV modules) enabled the modelling of more realistic PV output.
3) The time-varying islanding operation in the distribution network with PVs was incorporated in a reliability assessment procedure.
Finally, the whole assessment procedure was designed. The case studies using the real-life distribution network topology in China revealed the following results:
(1) When it comes to the influence of the failure rate model of conventional power equipment on reliability assessment; the assessment result was impacted more than 40% without the aging process of conventional power equipment.
(2) The maximum differences of newly added reliability indices were all beyond 50%, which were more obvious than that of conventional reliability indices (lower than 16%). In other words, the newly added reliability indices show more sensitivity.
The failure and degradation of PV modules showed an impact on the reliability assessment of power supply of islanding operation, which cannot be ignored.
The reliability, using time-vayring islanding operation, was nearly 90% higher than the time-invariant islanding operation, which indicated that the time-varying islanding operation was much more logical compared to the time-invariant islanding operation.
(3) It is noted that the influence of whole assessment procedure on reliability assessment was nearly 150%. It can be seen that the unreasonable reliability assessment procedure will have a huge impact on the reliability assessment.
Overall, the unreasonable reliability assessment procedure can take the results away from the reality. The accuracy of reliability assessment will produce a crucial impact on the system operation and planning.
Although the current study shows the outstanding contributions, the following work still remains:
Analysis of the power supply reliability in the distribution network with other types of distributed source integration will be conducted.
The debugging period of conventional power equipment will be analyzed to establish more tailored failure rate models.
The different maintenance time span under different maintenance strategies will be studied.
